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ABSTRACT: The phylogenetic diversity of the bacteria in hot composting samples collected from three spatial locations was 
investigated by molecular tools in order to determine the influence of gradient effect on bacterial communities during the thermophUic 
phase of composting swine manure with rice straw. Total microbial DNA was extracted and bacterial near full-length 16S rRNA genes 
were subsequently amplified, cloned, restriction fragment length polymorphism-screened and sequenced. The superstratum sample had 
the highest microbial diversity among the three samples which was possibly related to the surrounding conditions of the sample resulting 
from the location. The results showed that the sequences related to Bacillus sp. were most common in the composts. In superstratum 
sample, 45 clones (33%) and 36 clones (27%) were affiliated with the Bacillus sp. and Clostridium sp., respectively; 74 clones (58%) 
were affiliated with the Clostridium sp. in the middle-level sample; 52 clones (40%) and 29 clones (23%) were affiliated with the 
Clostridium sp. and Bacillus sp. in substrate sample, respectively. It indicated that the microbial diversity and community in the samples 
were different for each sampling site, and different locations of the same pile often contained distinct and different microbial 
communities. (Key Words: Spatial Heterogeneity, 16S rRNA Gene, Swine Manure, Composting) 



INTRODUCTION 

Composting is an aerobic, biological process that uses 
naturally occurring microorganisms to convert 
biodegradable organic matter into a humus-like product. 
The process destroys pathogens, converts nitrogen from 
unstable ammonia to stable organic forms, and reduces the 
volume of waste (Imbeah, 1998). It has become an 
important method to dispose of organic solid wastes 
(Stentiford, 1987; Wei, 2000; Zhu et al., 2004; Zhu, 2006). 

It is known that composting is essentially a 
microbiological process that depends highly on composting 
temperature. Generally, a composting process goes through 
three classic phases: mesophilic-heating phase, thermophilic 
phase, and cooling phase. In different phases, composting 
temperature reflects different functions: 35 to 40°C to 
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maximize the microbial diversity, 45 to 55 °C to maximize 
the biodegradation rate, and >55°C to maximize sanitation 
(Stentiford, 1996; Hassen et al., 2001). Apparently, 
thermophilic phase is a key phase because sanitation mostly 
depends on it and it plays a selective role in the evolution 
and succession of the microbial communities (Peters et al., 
2000; Tiquia et al., 2005). 

In fact, the microbial community in the composting 
process might be quite different because of variation of the 
environmental factors (Strom, 1985a, b; Peters et al., 2000; 
Tiquia et al., 2005). Coincidently, gradient effect can cause 
variation between the different height locations in 
environmental factors, such as temperature, oxygen, 
moisture content and other physico-chemical conditions 
(Ekinci, 2001; Zhu et al., 2004). Therefore, the microbial 
communities in the different height locations should be 
theoretically quite different due to this gradient effect. 

The microbial community composition in natural 
systems can be determined by analyzing the 16S rDNA 
sequences obtained directly from samples by PCR 
amplification, cloning, and sequencing (Muyzer et al., 
1993; Dees and Ghiorse, 2001; Leser et al., 2002). Dees and 
Ghiorse (2001) analyzed the microbial diversity in hot 
synthetic compost, and the results showed that the microbial 
community was complex and that many microbes were 
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present that could not be obtained by classic culture- 
depended methods. From the point view of molecular 
microbial ecology analysis the general protocols for 
microbial total genomic DNA extraction and purification, 
Primers and PCR amplification, cloning Ubrary construction 
and screening have been sufficiently detailed to guarantee 
the outcome (Lane, 1991; Barns et al., 1994; Holben, 1994; 
Heuer et al., 1997; Wintzingerode et al., 1997; LaMontagne 
et al., 2002; von Arbeli and Fuentes, 2007; Yang et al., 
2007; Wu et al., 2009). Recently, using a culture- 
independent method, we found that composting temperature 
significantly affected the microbial community in the initial 
stage of the composting and that the microbial community 
in different locations was quite different due to the gradient 
effect (Guo et al., 2007). 

In order to improve the understanding of the gradient 
effect during the composting process, this paper presents 
the analysis of three libraries of bacteria 16S rDNA 
sequences cloned from three hot composting samples. This 
study aimed to provide molecular evidence for the spatial 
heterogeneity and to clarify the reason for the gradient 
effect. 

MATERIALS AND METHODS 

Composting facility, operation and sampling 

The composting experiment was conducted on the 
Huazhong Agricultural University Swine Farm, which is 
subordinate to the National Engineering Research Center- 
Animal Science (NERC-AS). A 1.5 mxl.2 mxl.2 m (length 
xwidthxheight) composting bin was designed and built, 
which was covered with a shed to shield against sunshine 
and rain. The swine manure was from the swine farm, and 
rice straw was obtained from a local farm. The rice straw 
was passed through a cutting mill adjusted to yield a 4 cm 
particle size. For the reactor, -500 kg of swine manure and 
25 kg of rice straw were mixed according to the previous 
report (Zhu, 2007). The initial moisture content of the 
mixture was adjusted to about 60%. 

Temperature at different locations in the pile, including 
bottom (20 cm from bottom), core and surface (20 cm to 
surface) temperature, and environmental temperature were 
monitored by Ttime system (Zhu, 2006; 2007). The 
temperature data were refurbished per 10 s, and saved 
automatically per hour. 

When the core temperature reached 60°C in the 
sustained high temperatures phase, about 1 kg of fresh 
composting sample was collected from different locations, 
bottom (20 cm from bottom), core and surface (20 cm to 
surface), respectively. The exact temperatures of 
superstratum and substrate were 63 °C and 47.1°C, 
respectively. The collected samples were immediately 



placed on ice for transportation to the laboratory and then 
stored at -20°C. 

Cell extraction, lysis, DNA purification, and PCR 
amplification and cloning 

The cell extraction, lysis and DNA purification followed 
the method described by (Guo et al., 2007). Bacterial 16S 
rRNA genes were amplified by PCR using the universal 
primer pair 1492r (5'-TAC CTT GTT ACGACT T-3') and 
27f (5'-AGA GTT TGA TCC TGG CTCAG-3') (Lane, 
1991; Dojka et al., 1998). The PCR reaction system was: 10 
pmol of both primers, 3 \A genome DNA, 1.5 |Lil of 2 mM 
mixed dNTPs, 2.5 |il of lOxTaq DNA polymerase buffer, 
2.5 |il of 25 mM MgClj, 2.0 units of Taq DNA polymerase 
(1 \JI\i\) (Jingmei Biotech, Shenzhen) and 15 \i\ of sterile 
water. The PCR raction cycle was as follows: 94 °C for 40 s, 
52°C for 45 s, 72°C for 10 min, 25 cycles, then 72°C 
extension for 10 min, finally 4°C to terminate the reaction. 
The ampUfied products were electrophoretically separated 
and visualized in 1.5% agarose gels stained with ethidium 
bromide. Bands of interest were cut from the gel and 
purified with UNlQ-10 DNA Purification Kit (Bio Basic 
Inc). 

Finally, the purified product was ligated into the 
pMD18-T Vector (Takara) and the ligation product was 
transformed into Escherichia coli DH5a competent cells. 
White transformant colonies were selected randomly and 
inserted size was detected by using MIS^UC universal 
primers P47 and P48. 

Screening of rRNA gene clones 

Plasmids were extracted from the positive transformant 
colonies, and then were subjected to restriction fragment 
length polymorphism (RFLP) by separate endonuclease 
digestions with Hhal (Mentas) and Haelll (Mentas) 
following the manufacturer's instructions, and the digested 
DNA fragments were electrophoresed in 2.5% agarose gels. 
After staining with ethidium bromide, the gels were 
photographed and scanning image analyses were performed 
manually. 

DNA sequencing and phylogenetic analysis 

One to three representative clones from each unique 
RFLP type were selected for sequencing. The rDNA inserts 
were sequenced using M134)UC universal sequencing 
primers P47 and P48. All near-full-length sequences were 
tested for possible chimeric structures. Chimeras were 
detected by the RDP analysis service Check-Chimera 
(Larsen et al., 1993) by comparing the phylogenetic 
positions of the near-fuU-length sequences from the clones 
and during the manual inspection of the alignment. 

The spelled nearly entire sequences (-1,500 bp) except 
for the Chimeras were aligned by using the Clustalw 
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program (http://www.ebi.ac.uk/clustalw/). Sequences 
differing only slightly (<3%) were considered as a single 
relatedness group, and each group was represented by one 
sequence type. Every sequence type was compared with 
those available in GenBank by performing BLASTn 
program (http://www.ncbi.nlm.nih.gov) to determine their 
approximate phylogenetic affiliation. Phylogenetic trees 
were constructed based on the Kimura two-parameter 
model and the neighbour-joining algorithm using the PAUP 
software (version 4.0 b8) (Swofford, 1999). 

Nucleotide sequence accession numbers 

The retrieved 138 16S rDNA sequences have been 
deposited in the EMBL (The European Molecular Biology 
Laboratory) nucleotide sequence database under accession 
numbers AM500715-AM500852. 

RESULTS 

PCR amplification and clone library analysis 

Total community genomic DNA extracted from the 
three layers (supertratum, middle-level and substrate) of 
composts was subjected to PCR amplification using the 
primer pair (27fl492r). The ~l,500-bp PCR product was 
used to create a 16S rDNA clone library, and three bacterial 
16S rRNA gene libraries were finally established to 
represent the superstratum, middle-level and substrate 
composts. To exclude false positives, a total of 150 
recombinant clones (called SMD, SME and SMF) from 
each sample were randomly selected and screened by 
restriction endonuclease analysis. From the 150 clones, 98, 
68 and 74 unique RFLP types were identified and 15, 22 
and 21 false-positive clones were excluded from the 
superstratum, middle-level and substrate samples, 
respectively. One representative of each of the RFLP types 
was selected for sequencing, and the phylogenetic analysis 
was done on these near-full-length 16S rDNA sequences. 

The clone library analysis results showed that 94 
phylotypes were detected only once, and the percentage of 
coverage was 76% in all samples. It was indicated that 24% 
of the clones produced from the three samples would 
represent previously undetected phylotypes. 

Bacterial diversity determination 

Under the 97% sequence similarity criterion, 48, 46 and 
44 sequence types were found from the superstratum 
sample, middle-level sample and substrate sample, 
respectively. Each of these represents a phylotype and may 
be a representative of a bacterial species. The number and 
distribution of sequence types and hence the bacterial 
diversity varies among the three sampling locations. The 
Shannon- Wiener index for the superstratum was 3.27, 
decreasing to 3.13 and 3.08 in the middle-level and 



substrate, respectively. 

Isolates and cloned sequences of the superstratum 
compost 

A total of 48 sequence types were observed in the 136 
positive clones from the superstratum compost. Within 
these bacterial clones, 103 were represented by 16 sequence 
types with at least two clones. The other 32 sequence types 
had only one detected clone. The number of clone(s) of 
each sequence type is marked in the bracket after SMD in 
the phylogenetic tree (Figiu-e 1). 

The most abundant clones (45 clones total) represented 
by nine phylotypes (i.e. SMD52) belonged to the Bacillus 
sp. (92 to 94% similarities). The sequence type SMD5 
included 36 bacterial clones which were related to 
Clostridium sp. (90 to 98%). The sequence type SMD41 
representing 10 clones, was affiliated with Ureibacillus 
thermosphaericus (97%) which was isolated from an 
aerobic digestor of swine waste (Gagne et al., 2001). 

Sequence type SMD 19 (2 clones) was related to 
AF371706 (98%) which was isolated from pig gut bacteria 
(Leser et al., 2002). Sequence type SMD14 (2 clones) was 
nearly related to AF371603 (95%), also obtained from pig 
gut bacteria (Leser et al., 2002). Sequence type SMD 15 
(one clone) was nearly related to AY916341 (99%), 
obtained from human intestinal microbial flora (Eckburg et 
al., 2005). The phylotype represented by SMD66 and 
SMD 136 were related to the same known sequence 
AY858492, isolated from microbial populations in the wild 
herbivore gastrointestinal tract (Nelson et al., 2003). 

The other four sequence types represented by SMD 46, 
SMD 143, SMD 53, and SMD 107, respectively, were all 
with only one bacterial clone and had no relationship with 
known cultivated bacterial members, but they were related 
to the bacterium clone sequence. SMD 46 was nearly 
related to a bacterium clone designated AJ576424 (96%), 
which was obtained from midgut and hindgut of the humus - 
feeding larva of Pachnoda ephippiata (Egert et al., 2003). 
SMD 143 and SMD 107 were nearly related to AF371768 
(93%) and AF371800 (98%), respectively, both obtained 
from pig gut bacteria (Leser et al., 2002). SMD 53 was 
nearly related to AF407407 (95%), isolated from the 
monochlorobenzene contaminated groundwater (Alfreider 
et al., 2002). 

Isolates and cloned sequences of the middle-level 

compost 

A total of 46 sequence types were observed in the 128 
positive clones from the middle-level compost. Within these 
bacterial clones, 97 were represented by 15 sequence types 
including at least two clones, while the other 31 sequence 
types were detected in only one clone. The number of 
clone(s) of each sequence type is indicated in the bracket 
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Figure 1. Phylogenetic tree showing the relationship of 16S rDNA sequences cloned from the superstratum sample compared with 
previously described bacterium species rDNA sequences deposited in pubUc databases. Synechococcus sp. WH 8109[AY172836] as 
outgroup. 

after SME in the phylogenetic tree (Figure 2). similarity with their closest cultivated Clostridium sp. 

The most abundant sequence type in the middle-level Sequence types represented by SMEl (9 clones) were 
sample, SME3, included 74 clones that were related to the related to Turicibacter sanguinis (99%), isolated from a 
genus Clostridium and displayed relatively high levels of blood culture of a febrile patient with acute appendicitis 
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Figure 2. Phylogenetic tree showing the relationship of 16S rDNA sequences cloned from the middle-level sample compared with 
previously described bacterium species rDNA sequences deposited in public databases. Synechococcus sp. WH 8109[AY172836] as 
outgroup. 

(Bosshard et al., 2002). The sequence type SME17 included the sequence type represented by SME 130 with only one 
7 bacterial clones that were related to Ureibacillus bacterial clone was related to Cytophaga sp. (90%), isolated 
thermosphaericus (96 to 97%), isolated from an aerobic from composting household biowaste composting (Hiraishi 
digestor of swine waste (Gagne et al., 2001). Exceptionally, et al., 2003). 
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Sequence type SME 58 (3 clones) had no relationship to 
known cultivated bacteria members, but it was related to the 
known sequence DQ8 15725 (97%), isolated from the germ- 
free recipients transplanted by the gut microbiota of 
zebrafish and mice (Rawls et al., 2006). The other 10 
phylotypes represented by SME 26, SME 82, SME 11, 
SME 48, SME 72, SME 60, SME 114, SME 137, SME 129, 
and SME 143 were all with only one bacterial clone and 
had no relationship with known cultivated bacterial 
members, but they were related to the bacterium clone 
sequence. Among them, the phylotype represented by SME 
26 and SME 82 were related to the same known sequence 
AB 185565, isolated from rumen bacteria in cattle 
(Ozutsumi et al., 2005). SME 11 was nearly related to 
AJ576399 (94%), obtained from the midgut and hindgut of 
Pachnoda ephippiat (Egert et al., 2003). SME 48 was 
nearly related to DQ353915 (99%), obtained from fecal 
bacteria of a wild gorilla (Frey et al., 2006). SME 72 was 
related to a bacterium clone designated AY986352 (93%), 
which was obtained from human intestinal microbial 
(Eckburg et al., 2005). SME 60 was nearly related to 
DQ904840 (99%), obtained from human intestinal 
microbial (Mai et al., 2006). SME114 was nearly related to 
AB 185556 (96%), isolated from rumen bacteria in cattle 
(Ozutsumi et al., 2005). SME 137 was related to a 
bacterium clone designated API 32255 (94%), which was 
obtained from human gut microbial (Suau et al., 1999). 
SME129 was nearly related to AF371512 (99%), obtained 
from pig gut bacterium (Leser et al., 2002). SME 143 was 
related to a bacterium clone designated AY2 12772 (95%), 
which was obtained from equine fecal bacterium (Simpson 
et al., 2004). 

Isolates and cloned sequences of the substrate compost 

A total of 44 sequence types were observed in the 128 
positive clones from the substrate compost. Within these 
bacterial clones, 98 were represented by 13 sequence types 
including at least two clones, while the remaining 31 
sequence types were detected in only one clone. The 
number of clone(s) of each sequence type is indicated in the 
bracket after SMF in phylogenetic tree (Figure 3). 

Isolate SMF 1, the most abundant sequence type in the 
substrate sample, represented 52 clones that were closely 
related to Clostridium sp. (90 to 98%). The second most 
abundant sequence type SMF 4 included 29 bacterial clones 
that were nearly related to Bacillus sp. (91 to 94%). The six 
bacterial clones represented by SMF13, the third most 
abundant sequence type, were related to Schineria larvae 
(98%) isolated from the 1st and 2nd larval stages of 
Wohlfahrtia magnifica (DipteraiSarcophagidae) (Toth et al., 
2001). The sequence type SMF24 included 4 bacterial 
clones that were related to Ureibacillus thermosphaericus 
(97%), isolated from an aerobic digestor of swine waste 



(Gagne et al., 2001). Sequence types represented by SMF90 
(3 clones) were related to Lactobacillus amylotrophus strain 
NRRL B-4435 (94 to 98%) (Naser et al., 2006). 

Sequence type SMF 15 (5 clones) had no relationship to 
known cultivated bacteria members, but it was nearly 
related to the known sequence AF371535 (99%), isolated 
from pig gut bacterium (Leser et al., 2002). The phylotypes 
represented by SMF74 (1 clone) and SMF66 (1 clone) were 
related to the same known sequence AY167964, isolated 
from Swine manure bacterium (Whitehead and Cotta, 2004). 
Sequence type SMF75 (1 clone) was nearly related to 
AY167954 (99%), obtained from Swine manure bacterium 
(Whitehead and Cotta, 2004). Sequence type SMF76 (1 
clone) was nearly related to AY263505 (98%), obtained 
from Bovine rumen bacterium (Wang et al., 2005). The 
sequence types SMF29 (1 clone), SMF46 (1 clone) and 
SMF67 (1 clone) were nearly related to a bacterium clone 
designated DQ327603 (97%), DQ325973 (99%) and 
DQ326459 (99%), respectively, which were all obtained 
from human distal gut microbiome (Gill et al., 2006). The 
sequence types SMF28 (1 clone), SMF47 (1 clone), 
SMF122 (1 clone) and SMF113 (1 clone) were nearly 
related to a bacterium clone designated AY916381 (99%), 
AY980362 (97%), AY985590 (91%) and AY916186 (91%), 
respectively, which were all obtained from human intestinal 
microbial flora (Eckburg et al., 2005). 

DISCUSSION 

Clostridium sp. was detected in the three all samples. It 
always predominated, being both the most abundant (41% 
of the total clones examined), and the most diverse (27% of 
the total sequence types detected). The genera Clostridum 
has been detected in manure (Peters et al., 2000; Guo et al., 
2007) and chicken feather composts (Tiquia et al., 2005). 
The bacteria related to genera Clostridum were assumed to 
play an important role in the degradation of cellulose in the 
initial and thermophilic phases of composting (van Dyke 
and McCarthy 2002; Tiquia et al., 2005; Guo et al., 2007). 

In the present study, we observed that members of the 
genus Bacillus and those belonging to the phylum 
Bacteroidetes were the second most abundant group (20% 
of the total clones examined) and the second most diverse 
group (10% of the total sequence types detected) in the 
three samples. Most of them displayed relatively high levels 
of similarity with cultivated Bacillus sp., which were 
generally detected in hot composts (Blanc et al., 1999). The 
number of clones related to the genera Bacillus is dominant 
in superstratum and substrate samples. The genus Bacillus 
has been known to be widely distributed in various compost 
raw materials (Sasaki et al., 2009). This was expected as 
Bacillus bacteria has the abiUty to decompose protein and 
complex polysaccharides, plays an important role in the 
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Figure 3. Phylogenetic tree showing the relationship of 16S rDNA sequences cloned from the substrate sample compared with 
previously described bacterium species rDNA sequences deposited in public databases. Synechococcus sp. WH 8109[AY172836] as 
outgroup. 

organic matter degradation process, and are ubiquitous in thermosphaericus using 16S rRNA gene sequence analysis 
nature. were isolated from an aerobic digestor of swine waste 

Clones similar to Ureibacillus thermosphaericus and (Gagne et al., 2001). In the Gagne study, the Ureibacillus 
Pseudomonas sp. were also found in the three all samples, thermosphaericus strains were detected with esterase 
Thermophilic strains, identified as Ureibacillus activity and were found to grow between 35°C and 65°C 
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with strictly aerobic metabolism. Pseudomonas sp. bacteria 
can promote the swine manure composting digest and 
increase the quality of the composting products (Liu et al., 
2003). 

In this study, the representation of the domain bacteria 
was extremely diverse with 107 sequence types distributing 
among 36 well-established bacterial divisions, and 31 
sequences were grouped within 29 novel, proposed bacterial 
divisions AF371706, AY916341, AF371603, AY858492, 
AJ576424, AF371768, AF407407, AF371800, AJ576399, 
AB 185565, DQ353915, AY986352, DQ904840, DQ8 15725, 
AB185556, AF132255, AF371512, AY212772, AY916381, 
AF371535, DQ327603, DQ325973, AY980362, AY985590, 
AY916186, DQ326459, AY167964, AY167954 and 
AY263505. Sequence types grouping into genera or taxa 
that were identified by using classical culture-dependent 
methods and expected with known functions were retrieved, 
including Bacillus sp., Clostridium sp., Ureibacillus 
thermosphaericus, Turicibacter sanguinis, Cytophaga sp., 
Lactobacillus sp. and Schineria larvae. However, thirty- 
nine clones were similar to sequences in the database not 
assigned to any genera, indicating that a portion of bacterial 
species associated with the composting remains to be 
identified. 

The difference of the bacterial community composition 
confirmed the presence of the phenomenon of gradient 
effect, and on the other hand the difference can reveal the 
nature of the gradient effect from the point of view of 
microbiology. There is a recent report that different layers 
of the same heterogeneous mat often contained distinct and 
different communities of cyanobacteria (Roeselers et al., 
2007). Futhermore, the difference of the microbial 
distribution will lead to a difference of temperature, oxygen 
consumption and moisture content of the composting 
mixture that appears in different levels (Ekinci, 2001; Zhu 
et al., 2004; Zhu, 2005). 

Only 33 of the sequence types had sequence similarity 
of 97 per cent or more to any previously cultured species 
for which the 16S rRNA sequence is available, i.e., only 
24% of the phylotypes likely represented known bacterial 
species. Large fractions of uncharacterized phylotypes in 
16S rDNA libraries have been found since the introduction 
of the rRNA approach to microbial ecology (Stahl et al., 
1985; Giovannoni et al., 1990; Ward et al., 1990; DeLong, 
1992). This indicates that bacterial diversity in natural 
systems extends far beyond what can currentiy be perceived 
from traditional culturing methods (Stahl, 1995; Pace, 1996; 
Hugenholtz et al., 1998; Olsson et al., 2003; Schwarza et al., 
2007). 

This paper investigated the spatial distribution of 
bacterial community in the hot swine manure composting 
by using molecular tools, and tried to annotate the reason 
for the phenomenon of gradient effect. However, the 



function and spatial distribution of microbial community 
composition should be subjected to the future investigations. 
To monitor the continuous and dynamic succession progress, 
more samples at different times will be collected and 
analysised by using PCR-DGGE technology, which will 
enhance the understanding of the role and the succession 
order of the microbial community. 
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